Objective: To compare stress transmission around implants with abutments made of three different materials using photoelastic, strain gage (SGA) and finite element (FEA) analyses. Methods: Three abutments -UCLA calcinable, cast in Ni-Cr; UCLA calcinable with a Cr-Co cervical collar, overcast with Ni-Cr; and a zirconia abutment -were installed on implants embedded in photoelastic resin. Vertical and oblique loads were applied to the abutments to the photoelastic and SGA analyses. Data were analyzed by Kruskal-Wallis and Mann-Whitney tests (a=0.05). The assembly was modeled to FEA simulation. Results: Similar fringe orders were observed in the apical region under vertical load. The greatest fringe orders were observed in the coronal region of the opposite side of load application (contralateral side) under oblique load. By SGA, no statistical difference was observed among the abutments (P=0.061) under vertical load, and no difference was found between tensile and compression sides under oblique load. FEA showed no difference in stress distribution. The oblique load generated the greatest stress values on the contralateral side in the coronal area. Conclusion: Although it was not possible to establish an agreement among the analytical methods tested, different abutment materials did not influence the transmission of stresses around implants.
Introduction
Masticatory functional loads are normally transferred through the implants to the peri-implant bone [1] . Bone can tolerate physiologic loads, but excessive stresses may result in resorption, leading to esthetic cervical defects and implant loss [2] . Stress distribution around implants depends on several factors, such as implant design and diameter [3] , abutment length [4] , angulation [1] and its relationship with the implant platform [5] . However, the influence of abutment material or manufacturing processes has not been properly investigated. It is known that the abutment material influences the location and quality of the peri-implant mucosa attachment [6] , but differences in physical properties of abutments, such as elastic modulus or marginal fit could play a role in stress distribution in bone. De Torres et al. [7] reported that framework material influence bone stress, although Abreu et al. [8] did not find this correlation.
Among the methods to analyze the transmission of stresses to bone, the most common are photoelastic, strain gage and finite element analyses. Photoelastic analysis is a low cost simple method, and provides a qualitative overview of the stresses formed in the bone tissue but does not allow an accurate measure [9] . Strain gauges measure the deformation of a body by measuring the change in its electrical resistance. They provide quantitative data and can be used in vivo. However, their size and placement are critical, and can be limiting factors [9] . Several studies have found good correlation between the two methods [3, 10] , however, one study showed different results between them [1] .
The finite element analysis is a quite versatile numerical method that allows distinguishing materials by their physical properties, such as internal architecture and modulus of elasticity [11] . Several studies have compared this method with strain gauge analysis, and the results are controversial. Eser et al. [12] studied the biomechanics of implant overdentures ex vivo and found a high degree of consistency between the two methods in detecting bone deformities, both qualitatively and quantitatively. Other researches also suggest a good correlation between them [13, 14] . Iplikcioglu et al. [15] found compatibility between the methods when analyzing a cone-morse implant system under vertical force, but not under oblique force. In another study by Akça et al. [16] there was agreement on the quality of the deformation induced, however, the quantification of this deformation differed between the methods.
The compatibility of stress distribution assessment methods is still controversial in dental literature. Thus, the objectives of the present study were [1] to compare the transmission of stresses around implants with prosthetic abutments made of different materials using photoelastic, strain gage and finite element analyses; and [2] to compare the three experimental methods.
Methods

Fabrication of test models and photoelastic analysis
Three abutments (Conexão Sistema de Próteses -São Paulo, Brazil) were used in this study: a UCLA calcinable abutment, which was cast in Ni-Cr (called Ni-Cr abutment); a UCLA calcinable abutment with a Cr-Co cervical collar, which was overcast with Ni-Cr (called Ni-Cr/Cr-Co abutment); and a zirconia abutment. The abutments were veneered with a layer of feldspathic ceramic, resulting in an approximated final dimension of 11.0 mm in high and 5.0 mm in diameter. The abutments were retained by titanium screws on three external hexagon implants (Conexão Sistema de Próteses), 13×3.75 mm with a 4.1 mm diameter platform, with a 20 Ncm torque.
Each implant/abutment assembly was placed precisely into a socket prepared on the top of a polyamide block (3×4×1.5 cm), positioning the collar according to the manufacturer's recommendations. An impression was made of the entire set (Silibor, Artigos Odontológicos Clássico -São Paulo, Brazil), and after the impression material had set, the polyamide block was removed and photoelastic resin (Araldite GY 279 BR, Araltec Produtos Químicos Ltda. -Guarulhos, Brazil) was poured into the mold. After 24 h, the photoelastic resin models were removed and polished.
Each model was placed in the field of a circular polariscope and inspected to ensure its stress-free condition (maximum of 0.45 fringe order). A static load of 147 N (vertical and oblique) was applied on the abutment and the isochromatc fringes were photographed by a digital camera. For oblique load application, the models were positioned on a plane inclined at 25-degrees.
Strain gauge analysis
Two strain gauges (PA-06-062AB-120-L, Excel Sensores -Embú, Brazil) were bonded onto the surface of each photoelastic resin block on both sides of the implant. The distance from the gauge grid to the implant was standardized at 1 mm.
The gauges were connected to a data acquisition machine (ADS 2000, Lynx Tecnologia Eletrônica Ltda. -São Paulo, Brazil). Load application followed the same protocol previously described. Strain gauge signals were collected for 10 s (500 readings per channel), and were digitized, amplified and analyzed by the software AqDados (Lynx Tecnologia Eletrônica Ltda.). The magnitude of deformation in each gauge was recorded in micro-deformations (με). Before each measurement, the apparatus was reset to zero, balanced and calibrated to ±10 με. Five measurements were obtained for each model, and the lowest and the highest were discarded. For oblique load application, the values of the two gauges were considered separately. For vertical load application, we considered the mean values from the two gauges together. Data were compared by Kruskal-Wallis analysis of variance at a 95% confidence level for each vertical load, compression and tensile sides of oblique load. Mann-Whitney's test was applied to compare compression and tensile sides for each abutment.
Finite element analysis
Digital radiographs of an implant and an abutment were taken as a basis for designing the models, which were created according to the implant and abutment shapes in a modeling program (Rhinoceros 4.0 -Seattle, USA). The models were exported to a simulation program (AnsysCanonsburg, USA) where the material properties were inserted according to Table 1 . The FEA simulations were developed with two types of abutment (zirconia abutment and Ni-Cr abutment), in which the difference between them was dictated by the elastic modulus. It was assumed that all solids were homogeneous, isotropic and linear elastic. As the aim of the study was to analyze the stress distribution in the photoelastic resin only, and not on the abutment/implant joint, the components were considered perfectly bonded, and there were no flaws in the components. A mesh of 69817 elements and 118637 nodes was created after the convergence test. The convergence was performed changing the size of elements to reach less than 10% of variation. The contact region between the implant and the basis (0.5 mm minimum size) was refined. The support base was fixed in three axes, and the stress was generated from vertical and oblique loads, both of 147 N. The vertical load was applied vertically on the top of the abutment. The 147 N total load was decomposed into two vectors (x=62.12 N; y=133.23 N) to result in the 25-degree oblique load. The comparison between the abutment types was performed by Von Mises analyses of the photoelastic resin basis. Figure 1 presents the isochromatic fringe patterns of the three abutments under vertical and oblique load. Fringe orders are presented in Table 2 . Under vertical load, the fringe orders in the apical region of zirconia abutment were the same as those in the Ni-Cr abutment, and slightly greater than those in the Ni-Cr/Cr-Co abutment. In the coronal region, the fringes were not clear and were disregarded. Under oblique load, the greatest fringe orders were observed in the coronal region of the compression side (contralateral side). In this region, Ni-Cr and Ni-Cr/Cr-Co abutments showed the same fringe orders, slightly higher than those of the zirconia abutment. In the apical region, stresses were greater on the compression side (loaded side), being greater with zirconia abutment, followed by the Ni-Cr and Ni-Cr/ Cr-Co abutments. 
Results
Photoelastic analysis
Strain gauge analysis
Comparison of the results provided by strain gauge analysis for each type of abutment is shown in Table 3 . The values resulting from the vertical load did not differ statistically irrespective of the abutment material (P=0.061). When an oblique load was applied to the models, there was no statistical difference among the abutments for both compression side (P=0.061) or tensile side (P=0.058). Mann-Whitney's test revealed no difference between tensile and compression sides when an oblique force was applied to zirconia (P=0.820), Ni-Cr (P=0.662) or Ni-Cr/Cr-Co abutments (P=1.000). 
Finite element analysis
Von Mises analysis of the two types of abutments showed no difference in the stress distribution, both with vertical and oblique load (Figure 2) . The vertical load resulted in a symmetric stress pattern with the greatest concentration around the coronal portion (6.81 MPa) and apical end (4.38 MPa). The oblique load generated the highest stress values on the contralateral side in the coronal area (20.35 MPa). In the coronal area on the loaded side, the highest stresses recorded were 14.25 MPa. In the apical regions, the highest stresses were 4.07 MPa on the loaded side and 6.1 MPa on the contralateral side.
Discussion
The improvement in mechanical properties of ceramic materials has enabled their use as prosthetic abutments, especially zirconia, which combines strength and esthetic properties [17] . However, it is not clear if the transmission of masticatory loads to the bone around implants is similar between zirconia and conventional metal abutments. The results of the present study suggest that the stress distribution in bone is independent of abutment material.
In general, both photoelastic and finite element analysis showed that when an oblique load is applied to an implant, the stresses concentrate mainly in the coronal region of the contralateral side, followed by the apical region of the loaded side; these two regions are compressive areas. These results show a qualitative correlation between the two analytical methods, although a quantitative correlation cannot be assumed. These findings are in agreement with the results of Ozcelik & Ersoy [18] , who studied stresses in tooth-implant prostheses, and de Vree et al. [19] , who compared the two methods in tooth structures.
The strain gauge analysis failed to show the difference between the two sides in the coronal region with oblique load application, possibly due to a high coefficient of variation, inherent to the test, or to the unidirectional position of the gauges. According to Karl et al. (9) , different forces may lead to similar readings of unidirectional strain gauges. Moreover, the measuring grids of the gauges were not Figure 2 . Von Misses analysis comparing NiCr and zirconia abutments after vertical and oblique loads.
allowed to touch the implant collar, where higher stresses are observed, because of the polyamide backing of the gauges. However, cutting away this backing would diminish the gauge sensitivity [20] .
Under vertical load, both strain gauge and finite element analysis revealed no differences among the abutments. Only under this load condition can agreement between the two methods be assumed, as previously demonstrated by Iplikcioglu et al. [15] . For the photoelastic analysis, the fringes were not clear enough to enable a comparison in the coronal region, and for this reason, the area was excluded from the analyses, precluding a comparison between photoelastic and strain gauge analysis. The applied force may not have been sufficient to produce a clear fringe pattern in this area, since other photoelastic studies have shown little stress in this area and stress concentration at the apical end of the implant [1, 3] . In this regard, the present study is in agreement with previous studies. In the apical region, the Ni-Cr/CrCo abutment showed the less stress concentration, but the difference was only two colors within the same fringe order.
The stress distribution observed in the finite element analysis showed no difference between the Ni-Cr and the zirconia abutments models. Due to these results, the third model (Ni-Cr/Cr-Co abutment model) was not simulated, since the relative difference in elastic modulus between zirconia and Cr-Co is smaller than the difference between zirconia and Ni-Cr, and the volume of Cr-Co alloy in Ni-Cr/ Cr-Co abutment is small in comparison with that contained in the whole abutment.
This study hypothesized that a difference in abutment material could influence stress distribution in peri-implant bone, due to differences in elastic modulus or marginal fit. This hypothesis was not confirmed. De Torres et al. [7] found that Cr-Co alloy frameworks transmitted more stress to the implants than commercially pure titanium and Ni-Cr-Ti alloy. They attributed these results to the difference in the elastic modulus of the materials. Nevertheless, their study assessed frameworks over five implants, whereas the present study assessed abutments over individual implants. As calcinable abutments tend to produce greater misfits than machined ones [21] , it was supposed that this could also influence stress transmission to bone. Although misfit was not assessed in this study, it is reasonable to assume that misfit was greater at the Ni-Cr abutment than at the Ni-Cr/Cr-Co abutment. The similarity of stress transmission between these abutments corroborates the results of previous studies that found no correlation between prosthesis-implant misfit and stress transmission [7, 8] .
This study could not establish an agreement among the three analytical methods tested. There was a difference in the stress distribution pattern between photoelastic and finite element analysis with vertical load, although there were qualitative similarities with oblique load. Photoelastic analysis was the only method to show differences among the abutments, but these differences were small, often less than one fringe order. These findings suggest that they should be considered as complementary methods.
Conclusions
Within the limitations of this in vitro study, it could be concluded that: 1. Different abutment materials did not influence the transmission of stresses around implants; 2. It was not possible to establish an agreement among the analytical methods tested; when correlation occurred, it was only qualitative and dependent on loading condition.
